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\lON’~E C.+ RI.() APPRO.ACIIES TO LIGHT N[.!C1.1{1:

Structure ancl Electron Scattering

J. Carlson

T-.5, \lS BW3, Los}.lames National Laboratory, Los Alalnos, N\l 875.!5

Significant progress has been made rucently in the application of ~lonte (.’;lrlo
methods to the study of light nuclei. We review new Green’s function Xlonte

Carlo results for the alpha particle, Variational lfonte Carlo sturlies of l’;O, and
methods t’or low-energy scattering and transitions. Throligh these calculations,

a coherent picture of the structure and electromagnetic properties of light t;uclci
hw arisen. In particular, we examine the elfect of the three-nucleon interaction
and t$e importance of exchange currents in a ~’ariety of experimentally measured
properties, including form factors and capture cross sections,

1. 1NTRODUCTION

Few- and many-body problems in nuclear systems have a long history, but only in rcccilt.

times have the computational techniques and facilities been adequate to fully attack LIIPS(’

problems. The difficulties are primarily due to the strong correlations arising from the n~lchmr

force, i.orrelations which require relatively sophisticated algorithms, One important SIIWISS

story is the development of Faddecv nwthods for A=,3, Another, which we will rt’~’itnv ill

this article, is the application of Nlontc Carlo rncthods to light nuclei,

W6 attmnpt, in these calculations, to solve the non-relativistic Schrocdlngrr I?(lllillioll:

(1)



!vhich

where

may be written:

\’,J = ~ ~’k(~ij)o!~

1<). ..4.

the operators O- .I?e

multiplied by either an isospin-independent ( 1) or -dependent (T, . r,) operator. :\ll IIK~fl(I:lI

interactions ( Argonne ,6 Bonn,7 Nijmegen8 ,.. ) may be wr;tten in a similar mannm, illtlioll,~tl

the choice of non-local operators ~’aries. These interactions consist of a orm-pion il]tcractiu[l

at long distances, an intermediate range attraction, and a Short-range 1)11(>[l~ll]l’llr)lo~ i(’;l]

repulsion, and are fit to the deuteron as well as two-body scattering data,

In a similar spirit, the thrm-nucleon-interaction (TNI) at long distances is assumw[ to

have the structure of a two-pion-exchan:e interaction, but its precise strength is atljushvl tu

fit the three-body binding energy,e The full TN I consists of the two-pion exchange piccc \ ~,

and a short-range repulsive term:

where the sums run over cyclic permutations of the particles, and the function 1V2Wl)i~s 11111

range of a two-pion interaction, The parameters (./Oand A. can be ~stin~ated fron] cnlculittil],g

L!IC{’lrects of suppressing ~ degrees of frmdorl], but their precise vallles are (l(:ttlrrllill(t~l 1),

Iittillg the binding energy of A=:] nuclei. The three-body force is quite sw,all (.ori]l)iir~’(1

to the two-nucleon interaction, bllt nevertheless provides an important fraction of tlw [.i~t.ill

I)indirrg crwrgy,

The Monte Carlo methods (Variational and G, m’s Function Monte Carlo) umd to stjlv~’

thi! Schroedinger equation arc presented in the next section. W-c tht-m rcvi’!w ii varirty ()(

rm-ent results concerning the structure and electromagnetic propcrtim of light nllcki, III

particlllar, we examine the question of three- nucleon-interactions, the importance of LINI

tfmsor interaction, and clectromagm!tic forln factors and transitions, I;xchar)g(! (“urr(’llts uill

I)(oS(W!IIto Ilave a (1(’cisive role in Infltiy {11(:(.trolllngllctic proi)crthw,

‘) ),lont(’ (!arlo \l(!thmlsb,

\’ariiltitJlld \l(.Illtf? (’arlo (~il(’) is a variational Itwthcxl oflm rllll)i,)yml to sIII(Iv 11111

grollll(i statr an(l I(nv-lyillg rxt”ilat ions of IIumltuln systrlll~, /\ gVIl(’rilliZ(’(1.lilStl(J\V fl)l’111 IT

I .-l)



of one-particle states, and the FiJ are pair correlation operators:

((;;

which include the most important spin- isospin operators in the lIamiltonian. The operators

for different pairs do not commute, so we introduce the symrnetrization operator S to 01)1iiill

an overall anti-symmetric wave function. The pair correlations are obtained by solving t~vo.

body differential equations of the general form:

[-~V2 + u(r) + .\(r)]F = O,
m

(7)

where the function J contains several variational parameters. The U3 correlation in equation

6 is a thr=-body term which reduces the strength of the operator-dependent two-body corre-

lations for some configurations of the nuclecms. 1 The complete wave function W is construct(~tl

to have the correct asymptotic properties u onc nucleon is separated from the systcm.

The straightforward variational Monte Carlo algori~hm is limited to treating small sys-

tems, optimistically up to A x /3. For the spin-independent interactions in condensed mat~(!r

physics, it is possible to simulate one to two hundred particles. For the interactions of i.@r-

est in nuclear physics, however, the problems are : mch more complex, The wave function of

a nuclwls consists of 2A* spin-isospin components, the first factor represents the s])i[l (up. .
or down for each nucleon) and the second the isospin. These states are explicitly sumt]wfl

in light nuclei.

In order to treat larger systems, however, another method must be developed to pcrforlll

this sum. In principle, this could “be done with Monte Carlo, but schemes employed to (Iilt(’

yichl fairly high variance, Pieper, et al. 10 have recently introduced a cluster approxi~natiul]

whvne in an attempt to overcome this problem. [n this method, the expectation valw ld’

an operator 0 is written aa a sum over N-body clusters, where N ranges from 1 to A. In ilti

N-body cluster, only the spin-dependent correlation operators which act within the rlustx!rs

are taken into account, For example, ii we write the corrclatiori opt!rator F,, ( Eq. (i) ils

~~,[] + (l,,!, the two body cluster approximation to the potmltial mirgy ~, is:



This specific form (Eq. ,5) of variational wave function is adequate for many p,lrpi,.i,s,

yielding ground state energies within a few per cent of the Faddeev values for ~\=:]. It ii~.i)

gives very similar results for the elect romagnet ic form factors.11 Further improvcmu[lts itrr

la It is nccessarv, thollgh, topossible by including L . S correlations and thr~body terms.

develop exact methods to provide adequate tests of these wave functions for A z I.

GF\lC methods project out the ground state of a quantum system through:

Iw.) = !~~exp(-HT)lW~), (!))

where ]W~) is an initial trial state typically obtained from a variational calculation. Ill

general one cannot compute exp (-Hr), but by dividing the propagation time r into ri~ally

small steps Ar,

(10)

the full propagator can be evaluated by klonte Carlo. In practice, one must use several tiIIw

steps Ar and extrapolate to AT = O in order to eliminate time step errors associated with

the non-commuting nature of the kinetic and potential terms. The fact that the p~)t~lltiiil

acting betwwm different pairs does not commute is an im~ortant aspect of nuclear physics

problems which mak~ it difficult to use more accurate analytic methods to approximate tllr

pair Creen’s function.

For short propagation times Ar and static potentials, the following approximation” tu

the propagator is quite useful:

(11)

In this equation, the full G for 3A coordinatca is approximately given by the free particl(!

propagator (a gaussian) times a product of al] pair propagators divided. by their rcspf!ctivf:

free particle propagators, The simplest approximation to the ratio in equation 11 is,

(1:)



However, the Argonne interaction has been constructed to some degree with the idea

that these terms should be small. In fact, the expectation value of the sum of these terms ill

light nuclei is only one to two MeV. Consequently, we solve exactly for a modified Argonm!

V8 (containing only the eight operators through L . S) interaction which best approximates

the full Argonne V14 model. This model reproduces the deuteron, the singlet S, and triplel

P waves (with the exception of coupling to F waves) exactly. Perturbation theory is then

used to estimate the difference between the V14 and V8 models, we find that this difference

is small in the alpha particle. Finally, we note that this Argonne V8 model is somcwhnt

different than that used in previous calculations.13

3. RESULTS

We will first concentrate on a new set of GFiMC results obtained for the alpha particle

with the AW nucleon-nucleon plus Urbana model i3 three-nucleon-interact ion. 1s In order to

demonstrate the convergence of the G FMC method, figure 1 shows the ground state energy

plotted as a function of the total iteration time T. At T = O, the energy is equal to the

variational result, and it quickly drops to the exact ground state energy. In fact, the plot

covers only the initial part of the calculation, up to a total iteration time of 0.012 MeV - 1. Thu

actual calculation includes 5 times as many iterations, the horizontal lines in the figure am

statistical error bounds obtained by averaging the results between 0.024 and 0.060 hlcV -1.

The convergence of the GFMC solution is determined by the accuracy of the trial wave

function as well as the excitation structure of the nucleus.
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The variational wave function used in this calculation ‘N- taken from reference 16, aII(l

was optimized for the Argonne V14 plus Urbana model 7 TNI. Consequently, it does II(JL

provide a very good estimate for the ground state energy w~ith the model 8 TXI, which ]lils

a stronger repulsive component and a weaker twopion-exchange term. However, the rrns

radius of this trial wave function is very near the exact result, hence it requires smaller

extrapolations for the estimates of other properties. GF’\lC produces a wave function only

in a statistical sense, and hence ground state energy expectation values other than the energy

are extrapolated from ‘mixed’ and variational estimates via:

(13)

The extrapolations requird with the present variational wave function are gerierally quite

small.

Fer the Argonne V8 plus TN1 model 8 interaction, we obtain a ground state energy of

--29.20 + 0.15 JleV, approximately one hleV overbound compared to the experimental -2s,3

MeV. The perturbative estimate of the difference between the Argonne V14 NN interaction

and the V8 model is 0.9 MeV; yielding a total energy of -28.3 + 0.2 LleV, in remarkably

good agreement with the experimental result,

one should be somewhat cautious because of our use of perturbation theory in the dif-

ference between V14 and Vt?; but it appears that the same three body force can be use(l

to produce very accurate binding energies for three and four body nuclei. The Urbana TX I

model 8 has been chosen to provide a good fit to the triton binding energy,17 Faddeev re-

sults give -8.46 compared to the experimental -8.48 MeV, ‘The expectation value of the three

nucleon interaction is a small fraction ( < 570) of the total potential energy, so at this level

there is no apparent re~n to introduce four- or higher-body interaction terms. Other mod-

els (Reid, LNijmegen, ,..) of the NN potential give a similar underbinding for the three- and

four-body nuclei, hence it should be possible to fit the binding energies of these nuclei as

well with an appropriate TNI model.

The most accurate variational calculations to date*2 give a binding energy approximately

one McV higher than this GFMC calculation. As always, the total binding energy inclwh:s

a iarge cancellation between kinetic and potential terms, each of which arc of the order

of 100 MeV (Table 1), Therefore, although the TN I is a relatively small fraction of t tic

two-n uclecm interaction it io a significant part of the total binding energy, and accuratr

calculations are important when determining its effects, Also includal in Table 1 arc ~~v(~rill

t)the, expectation values which, although not directly accessible experimentally, provi~k ii

useful guide to understanding these nuclei,

Of particular inter-t is the strong effect of t,b.e tensor interaction in the alpha partich:,

\Vith the Argonne NN interaction, the tensor ~cm,ponrmts contribute approximately 2/:1 ()[

the two-hotly potential energy in the alpha particle, Almo~t exactly the same fractiol~ is

found in l’addm ~~h:ulatiuns of thrm.body l~uc!ei and in ,:!uqter hlonte Carlo calculations of



Table 1: Alpha Particle Expectation \’~!ues

----
P Energy .~p,3 (o.~) -

(T) 109.3 (1.2)

(Vviv) -136.5 (1.5)
(~ou,) 0.75 (0.01)

(V3-S) 5.0 (0.2)

(y;) -10.8 (0.2)

(,) 1.45 (0.01)

16(-) la

Another measure of the strength of the tensor interaction is the D state probability ill

the four-nucleon ground state. With the Argonne plus Urbana model 8 TNI interaction, the

D-state probability is 1670, other models range from 12 to 17 ??o. These probabilities arc

nearly consistent with what one would expect based upon the number of triplet pairs in tlw

A=2, 3, and 4 body nuclei; a ratio of 1:1.5:3. In addition, the asymptotic D to S state ratio

of the alpha particle wave function is in good agrement with experimental results. lU ‘1’he

remainder of the wave function is dominated by the fully symmetric S-wave state, which has

a probability of 82.8(0.2)70. In addition, there are small components of other symmetries,

either S- or P-wave.
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Figure 2) VMC and GFL[C! nwults for the proton density in the alpha partit.lr.

We have also computed the proton density for both the variational i~[l(l (;l;\l(,’ \\il\(’

functions (Fig. 2). The most impel lant dilhmmcc is within O.fi fm of tlw [(~llt,’r-,,f-lll:lss,



the GF\lC wave function has a slight dip which doea not appear in the variational results.

This differ&ce appears in only a very small fraction of the total volume of the nucleus ~11(0

to the r2 phase space factor at the origin. Consequently, the difference does not significant Iy

affect the rms radius or the charge form factor at small momentum transfer. In the impulse

approximation, the charge form factor can be obtained as the fourier transform of the one-

body charge distribution.

In reality, though, the effects of twebody charge and current operators can be important

even at relatively low momentum transfer. In order to obtain meaningful comparisons with

experimental results, the effects of these two-nucleon operators must be incorporated into

the calculations. Riska20 has developed a method for constructing models of the exchange

currents which satisfy the continuity equation:

v.~.=+i[Uj,p]=o. (14)

This constraint is used to specify the ‘model-independent’ exchange currents. In add it ion,

there are transverse pieces in the current ( e.g. NAT, PIW, and wry) which arc not so

constrained. The most important twobody terms in the current are due to the pion:

(1.5)

where ki is the momentum tram !ered to nuclem i and 0. is the fourier transform of thti

terms in the interaction associated with the quantum numbers of exchanged pions. In the

limit of point pions and nuclecm,

(16)

In fact, this method produces nearly point-like pion propagators with the Argonne interac-

tion.

Using this method, %hiavilla and Riska have computed the magnetic form factors of

3He and 3H (Fig. 3), u well as the backward cross-section for the electrodisintegration of

the deuteron. The different curves show both the impulse and impulse plus mesoc exchange

current results, the contributions of the exchange currents are crucial to reproducing tlir

experimental results, particularly the contribution of the isovector exchange current opera-

tors. Results with both the variational and Faddeev wave functions are also shown; there arc

some differences in the region of the diffraction minimum and beyond. Schiavilla and Risks

have also calculated the backward electrodisintegration of the deuteron near threshold. l’llis

reaction is alsc very sensitive to the isovector exchange currents, and is well reproduced ill

the calculations, up to very high valu~ of the momentum transfer.
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Figure 3a) Magnetic fom f=tor of 3H, from Schiavilla md Rish.li Impulse approxi-

mation (IA) results are ghown along with the complete results ( IA+ MEC). Curves labeled

FAD employ the exact Faddeev wave function, and variational results are labeled VAR.
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Figure 3b) Magnetic form factor of ‘He, aa above.

They have also computed the charge form factors of the three-body nuclei,a* and obtain

good aareement with experimental rem.dts. The charge operators are more speculative since

they involve relativistic corrections and are not constrained by the continuity ~quation.



However. in the alpha particle some of the uncertainties are decreased because of tl)e is~s~ii]fil

nature of the system. We have combined the following one-body charge operator:

Pi(q) = [1 - ~l;[md + W7)’z]

-i~~ {[G~(q) - 2G~(q)] + [G~(q) - 2G~(q)]rl} .
.4

(17)

incorporating the Darwin-Fold} term and a small L . S correction, with a twobody charge

operator due to pions: ‘-

(13)

to calculate the charge form factor of the alpha particle. This form of charge operator

was first considered by Kloet and Tjon in examiuing pion photoproduction.22 We have also

included the remaining terms ~ “Schiavilla and Risks, but their effect is an order of magnitude

smaller than the terms above up to a momentum transfer of = 5.5 fm- 1. The contribution

of the one-body and pion-exchange terms are shown in figure 4. As is apparent in the

figure, the VMC and GFMC results give nearly identical results for the exchange c.lrrents.

However, there is a significant difference between the one-body terms in the region of t!lc

second maximum. The form factor here is down by two orders of magnitude from that at

the origin due to a sensitive cancellation in the fourier transform. Hence it is not surprising

that the variational calculation differs significantly from the GFMC result in this region.

a.o

Figure 4) VLIC and GFMC results for one-body and pion contributions to the alpha

particle charge form factor,



The full calculations are compared to experimental resu!ts in figure 5. The G F\ I(;

calculation is in excellent agreement with experimental resul cs up to a moment urn t ra[lsfcr

of = 4.5 fro-l. Beyond that point, the calculated form factor is significantly larger t}la[l

experimental results. hTevertheless, the overall agreement is excellent, particularly at lo~vm

momentum transfers where one would expect the th~ry to work best.
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Figure 5) Alpha particle charge form factor, experimental and calculated.

A very important topic in nuclear

relations between nucleons in nuclei,

experiments, is a “ialuable methl for

s =

where RL k the longitudinal response

physics is the experimental determination of t!le cor-

The Coulomb sum, measuled in electron scattering

studying these correlations, and is defined as:

(1!))

of the nucleus and GE is the proton form factor, ‘1’11(1

integral extends from energies just above elastic scattering to infinity, which allows us to IIS(:

ckx+urc to calculate the Coulomb sum as a ground state expectation value,

where

(’.20)

if wc ignore small neutron contributions (which are included in

lNMly t(:rlI)s, in t.l)is approximation, the (’oulonlb sum is si’l]ply:

(21)

the calculations) MI(I tWKh

(’.!:!)



where Fc is the charge form factor of the nucleus and pPP(q) is the fourier transform of I II(I

two-body distribution function integrated over the pair’s center-of-mass.

The calculations ,,:.._a‘ompared to experimental res~lts in Figure 6. Two caveats st)oul(l

be noted concerning th]s comparison. First, the experimental results only extend to a firlitv

energy, and consequently must be extrapolated to determine the full Coulomb sum. Schiavilla

et al.23’24 calculated the energy- and energy-squared weighted sum rules with a i’ariatio[l,il

wave function; assumed a functional form for the response in the tail region, a.rld fit ttlis

curve to the calculated moments. The contributions of the tall region In the experimetlt arc
. . . .

given by the difference between the points labeled ‘extr’ and ‘trunc’. The latter inc[udes olliy

the response up to the experimental limit. As shown in the figure, the V\lC and CIJ\!(;

curves are nearly identical, and both agree very well with the extrapolated results.

——— ——.
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c
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I;igure 6) Coulomb sum in the alpha particle,

ll(ck25 extracted pPP(q) from the experimental rmults it: the tllr(~’-[lll(l{’(~li syst,~ II Ilsillq

a slightly different extrapolation technique and the thtmretical rtwuits for th(! 11(’ll[roll ((JII-

t~lbutkn~, Althotlgh the qualitative features of the Pxpt?rirnt:ntal ar]ti tlleor(~ti(al (llri’(’,s iiI(I

similar, the expf’rirnerltal pm(q) is much higher beyond the first rniriir~]l]rr}, ‘1’l]is wOIII(I i[l(li

ciite even a stronger correlation in t}ie protons tllarl is prt*serlt th(wr(%ir,ally, I)llt (t)rltr;l)lll it)lls

of two-body operators to t,llc (’ollloml) SIIIIIshou](l 1)(*i[lclu(]ed I)t:forc strong (’orl(’lll:+i~)r]s;II{I

II rawn,

once a cor]sist, crlt, I)i(t,llrf> t)f tlI(: grol][l(l st,at,(! ~)rol)vrti(ts of Iigl\t tll]tl(~i lI;\s 1)(*1111 OI)!IIIII(,,I,

thf’re are t,wo natllral (Iirtwtior]s for flltl]rc rf’s(’iir(’h, ‘[’h{! firSt i!i (id(”l]li\tio[lS ()[ []1(’ S(111( 1111’

Iillll I)ropt:rties of !leavit*r [Illcloi, arl(l t,tl[’ s(B(’011(1 is t,liv st,{]fly of (Iyrla[llic iJr\)i)f*rt if’,%, I lIIl:\II~I



nuclei are diff.cult to study because of the strong spin- isospin dependence in the interaction,

Cluster Monte Carlo methods hold the most promise for calculations of many-body nuclei.

In 160, Pieper et. all” found a ground state energy of -7.0 MeV per nucleon with the

Argonne V14 plus TNI model 7 interaction, compared to the experimental binding energy 0[

8 \leV per nucleon. This form of variational wave function gives roughly the same binding

per nucleon in the alpha particle.

Currently, this work is being extended to include more accurate forms for the wave

function, including L oS and improved three-body correlations. Preliminary results indicate

a significant increase in the binding energy, but some work remains to be done. Among the

issues remaining to be resolved are a better understanding of the convergence of the cluster

method for three-body and momentum-dependent twebody interactions. The Coulomb sum

for 130 has also been calculated, and is shown in Figure 7. There is no experimental data

available for 100, so the data for 12C is included in the figure. Also shown is a mean-field

calculation in which it is assumed that there are no correlations between the nucleons, The

data at small q demonstrate the presence of correlations, but there are large uncertainties

at higher momentum transfer. It is interesting to note that the Coulomb sum cannot be

smoothly extrapolated from light nuclei to nuclear matter
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Figure 7) Couk~mb sum in 100, from reference 10.

The other outstanding problem in the application of Monte Carlo methods to nuclear

physics is the study of dynamic properties, a very ambitious goal. The primary si~ccwwvs

to date have been in the study of low-energy scattering and electromagnetic transition~,

imd progress has been made in approximate treat merits of dynamic response in el(*t:troIl



scattering .2G’27[ will concentrate on the former topic, and particularly upoJl the n + ‘lIc ~

a + y reaction.

Low energy scattering in a regime where only two-body breakup is energetically allow(:d

can be treated with variational methods. 28 The basic idea is very similar to R-matrix ap-

proaches. In a one-channel problem the kundary condition is specified at a point beyond

the interaction region, and then a variational search is performed to determine the en-

ergy eigenvalue appropriate to that boundary condition. This scheme can be generalized to

multi-channel scattering processes, but requires a determination of the energies and relative

amplitudes at the channel surfaces. The method’s practicality depends upon the ability to

diagonalize in a small basis (10 - 20 states) using Monte Carlo methods. Preliminary results

on small problems indicate that this should be feasible, but multi-channel methods have not

been tested on a realistic problem.

\lTe have used this method to study the n + 3He -+ a + y reaction, which is dominated

by one channel. 2g This reaction is of interest because of its possible relationship to the weak

capture reaction in the four-nucleon system, a reaction which produces the highest end-point

energy neutrinos from the sun. There have been speculations that these neutrinos could be

measured separately in a futule solar neutrino observatory. In the impulse approximation,

the weak and electromagnetic capture are closely related.

Our calculations indicate, though, that this reaction is dominated by exchange currents.

We obtain a strong-interaction scattering length of 3,5 ~ 0,25 fm for the spin one n- ‘Jlle

state, which agrees well with experimental estimates. Using this scattering wave function

4He wave function, weand a variational find that only 10 ?40of the experimental value

(60 pbarns) is obtained in the impulse approximation. The low value is to some extent

understandable since the impulse cross section is precisely zero in the limit where there is

no tensor force, and consequently a purely s-wave alpha particle.

(Jsing the full exchange current models, we find a value of 110 ybarns for the cross sectioil.

lnciuding only the better-constrained ‘model-independent’ terms in the exchange currents

gives 70 pbarns, in much better agreement with the experiment. A similar result Is Ol)tiiill(”(l

if wc keep only the T exchange terms, as has been clone in the three-bwiy calculatioll~ (J[

h’riiir, (jibson, and Payne; md use a cut-off of 5,8 n masses in the propagator. [t? this (asr

wc obtain a total cross section whict’, agrees with the experimental value. Our results arv

quite sensitive to the scattering length, however, u decreaxe of 0,25 fm in tile Sciitt(’rillg

Irngth would incrcasc the calculated cross sections considerably, Much work rcmaias to IN*

(1OIIC in this area, M nlany iniportant tests of str{)rlg-ilitcra(.ti{~ns and exrh<allgc (’urrrllts ;Irt’

iiVilili\t)l~.



4, Summary and Outlook

\lonte Carlo methods provide a valuable tocl for understanding the nuclear I[anlilto-

nian and nuclear structure. They are also applicable to other areas of nuclear physi(s,

for example quark-model physics, In this talk, I have emphasized applications to tratli-

tional models of nuclear physics and the successes of these models in describing properties of

light nuclei. Realistic nucleon-nucleon interactions, combined with plausible three-nucleon-

interaction models, give a good description of the binding energy of three- and four-body

nuclei. Calculations employing these Interactions demonstrate the very important role of

the tensor force. When coupled with exchange currents, these ‘traditional’ models can also

provide reasonable descriptions of the form factors of few-body nuclei.

Light nuclei are simple enough so that many calculations are practical, but compicx

enough to allow many interesting processes to be examined. Calculations of the CouloIilb

sum indicate the importance of nucleon-nucleon correlations, and low-energy reactions o{i’er

the opportunity for a wide variety of tests for the nuclear Hamiltonian and exchange current

models. Many important challenges lie ahead in the !40’s, Foremost among these are calcu-

lations of larger nuclei and development of new techniques for treating dynamics. I [cavicr

nuclei offer the opportunity for studying the nuclear interaction in negative parity states and

very neutron-rich nuclei, which are important astrophysicaily through their co~nection with

neutron stars, A better understanding of current and future electron scattering experimrllt.s

requires reliable calculatims of the dynamic response of nuclei, perhaps the most challcllgillg

goal for the next decade.

The author would like to thank R, B, Wirings, R. Schiavilla, G. L. Payne, and J. L. l:rii~r

for valuable discussions concerning their recent results, This work was supported by tlw (J.

S. Ihpartment of Energy.
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